Plasmas are generated in a low ionization potential gas, tetrakis(dimethylamino)ethylene (TMAE) vapor through a one-photon ionization process by an ultraviolet laser beam at a 193 nm wavelength. The TMAE plasma characteristics are studied by means of a L.angmuir probe and microwave scattering. A new method is used to measure the 193 nm ultraviolet (UV) photon absorption cross section in TMAE. It. is determined to be 1.1 f 0.3 x lo--l7 cm' from the axial profile of electron density. The temporal evolution of electron temperature is measured. A peak electron density of n,=5 x 10r3/cm3 and peak electron temperature of T,= 1 eV are measured at 500 mTorr TMAE pressure. The plasma decay process is studied, and the electron-ion recombination coefficient is measured to be 5.4*0.5X lo-" cm"/s. A theoretical model is derived to describe the photon flux and the one photon ionization process. An application of a TMAE plasma as a mirror for microwave reflecctions is proposed.
I. INTRODUCTION
The interaction of electromagnetic waves with a plasma has been a scientific research interest for decades. Recently, there has been a considerable research effort. in laboratories to study the use of man-made plasmas to rcfleet, shield, and absorb electromagnetic waves. '-9 These research elIorts involve basic physics issues as well as many interesting potential applications. One of these efforts is aimed at generating artificial ionospheric mirrors (AIM) in the lower atmosphere by high power microwave beams to relay communications or reflect the signals for over the horizon radar (OHR)."6 Another potential application is to use a rotating plasma sheet to steer a high frequency radar beam. This is desirable because in a phased-array antenna system, if the radar frequency is high, the number of radiating elements becomes large, and the packing density is high.?** Another promising application is to use collisional plasmas as wide-band microwave absorbers to shield objects from high power microwave or radar signals. "' In a practical system which uses plasmas to reflect or absorb waves, one often requires a plasma source that is compact, highly efficient, controllable, and produces a desired density profile. Although there are many ways to generate ionization, few plasma sources meet the requirements mentioned above. Plasmas can be generated in a gas of organic molecules by ultraviolet radiation. Woodworth et al. i0 have studied plasma generation in ditrerent low ionizat.ion potential organic gases by ultraviolet lasers mainly through a two-photon ionization process. Vidmar proposed the UV photoionization of an organic vapor such as tetrakis (dimethylamino ) ethylene (TMAE) seeded in a buffer gas to produce a collisional plasma." TMAE has one of the lowest ionization potentials known today (5.36 eV). '" Its vapor can be ionized efficiently with photons in the ultraviolet spectrum range, and has been used in UV photon detectors for high energy physics experiments.
Hence, using UV radiation to ionize TMAE is, indeed, an attractive scheme to generate plasmas. Stalder et al. 'J' have conducted experiments to study the ionization of TMAE in a helium gas mixture by UV radiation produced by an array of spark gaps. They generated a large volume of collisional TMAE plasma at atmospheric pressure and demonstrated more than 20 db reduction in reflected microwave energy.
In this article, we report on the experimental study of a TMAE plasma produced by a UV laser beam at a wavelength of 193 nm. Our research is motivated by the objective of using a TMAE plasma to reflect, shield, and absorb electromagnetic waves. In order to make these applications successful, the basic TMAE plasma characteristics should be examined carefully. There have been several papers on the absorption cross section and ionization efficiency of TMAE. '2-'4 Recently, the decay process of ionized TMAE in helium at atmospheric pressure has been studicd.i5 In this article we first present a theoretical model of UV ionization of TMAE by the one-photon ionization process, which is necessary to describe the measurement and is essential for obtaining a plasma with a desired spatial density distribution. We then present a basic measurement of TMAE plasma generated by a 193 nm UV laser beam. The spatial and temporal distributions of electron temperature and densit.y are measured. From the temporal evolution of electron temperature and density the electron-ion recombination coefficient is determined. The spatial density profile along the direction of the laser beam also provides a measurement of the absorption cross section. The microwave scattering measurement results are presented to demonstrate microwave reflection and shielding in a TMAE plasma.
Il. ONE PHOTON IONIZATION MODEL
It is well known that the impact of a photon on a molecule can cause ionization, if the photon energy E,=hv is greater than the ionization threshold of the molecule. ?Ve consider a photon flux propagating through a molecular gas, assuming that photoionization is the main absorption process, and omitting the absorption of photons by TMAE ions. The equation describing the photon flux propagation and absorption is derived to be ar car c at= -;z--; S(n,-&.)a, )
where I is the photon flux, and n, and n,,, are electron density and neutral molecular density, a, is the photon absorption cross section, c is the speed of light in the vacuum, and n is the index of refrac.tion. In our experiment n= 1, since the laser frequency is much higher than the plasma frequency. The ionization and electron loss processes can be descriied by where CT; is the ionization cross section; ad, a, and a, are the plasma diffusion coefficient, electron-ion recombination coefficient, and electron attachment frequency to neutral molecules, respectively. The neutral molecules can include impurities having a high electron capture cross section, such as tetramethylurea (TMU) and tetramethyloxamide (TMO) usually present in commercial TMAE"' and oxygen that slowly leaks into the system. The solution of Eqs.
( 1) and (2) yields the spatial and temporal evolution of electron density and photon flux, which are often of interest in pulsed photon ionization experiments and applications. It should be noted that the inclusion of n,o, in Eq.
( 1) and npj in Eq. (2) accounts for the dec.rease in the density of unionized neutral molecules caused by the ionization which is either the afterglow from the previous photon pulse or comes from the leading edge of the laser pulse. Generally, the leading edge of a photon pulse will see a higher neutral density than that seen by the trailing edge of the pulse. This effect can be very important when the photon flux density is high and the pulse duration is sufficiently long such that the electron density is the same order of magnitude as that of neutral molecules. In our experiment, the percentage ionization is very small ( w lo-"), so this effect can be ignored.
In certain situations we are only interested in the steady-state solution, which corresponds to a steady-state UV source illuminating TMAE vapor. We can then set the right hand side of Eq. (1) and (2) equal to zero, and simplify as alz= -r(%--n,brl, a%, ad~=-r(nm-n,)ai+a,n3.
We have dropped the attachment term on the right hand side of Eq. (2). Here, we are considering an idealized onedimensional half-space in the steady state. When the photon source is turned on at t=O, negative ions will accumu- late due to attachment. This buildup of negative ions cannot continue indefinitely because of the electron detachment from negative ions. Once a balance is reached, i.e., the electron attachment loss rate is equal to the electron detachment rate from negative ions, there will then be no net loss of electrons. This balance will be achieved first at the position z=O, and require longer times for larger values of z. From Eqs. (3) and (4) it is clear that if the incident photon flux intensity is known, the electron density profile can be calculated for a given neutral density and other parameters. For a particular application, there is always a preferred electron density profile. We can change the generated density profile to best tit a theoretically optimum one by adjusting the photon flux intensity, neutral density, and plasma diffusion coefficient. The other parameters in Eqs. (3) and (4), namely, photon absorption cross section, ionization cross section, and electron-ion recombination coefficient are measured in our experiment.
III. EXPERIMENT
The experimental arrangement is shown in Fig. 1 . The vacuum chamber is pumped by diffusion pump, and has a base pressure of 1 x lo-' Torr. The TMAE vapor is introduced through a glass tube from the TMAE container. A Lambda Physik EMG-SOE excimer laser is used as the ionization source. The laser beam has a wavelength of 193 nm (&,=6.4 eV), pulse width of 17 ns, maximum energy of 20 mJ, and a beam dimension of 23 mmX 7 mm. The beam is incident into the chamber through one of the two Suprasil windows, which transmit well down to 180 nm. The TMAE plasma shows a very faint glow in the dark. If the system is filled with Nz after the TMAE is introduced, a more intense blue light is visible which is illustrated in Fig. 2 as the horizontal light column in the center of the picture. Since the laser beam is invisible in air which is rich in nitrogen, we believe that the emitted light is produced by the decay from the fast electron excited states of nitrogen molecules. The light coincides with the cross section of the laser beam indicating that the main body of the plasma is located in the long column having the same cross section as the laser beam. The light emission is observed from the suprasil window to the center of the vacuum chamber (25 cm) when the Th1AE pressure is 500 mTorr, with the intensity decreasing from the window towards the center. The light column exists all the way to the other side of the chamber, a total length of 50 cm, if the TMAE vapor pressure is reduced to 100 mTorr or lower.
A. Photon absorption cross-section measurement
Equations ( 1) and (2) provide general descriptions of the photon flux in a gas medium where the ionization potential of the molecules is less than the photon energy. If the photon flux is a short pulse of width 7, during that time the electron density will not, be affected by diffusion, recombination, or attachment processes, and the percentage of ionization will remain small, i.e., n&t,,,; then Eqs. ( 1) and (2) can be simplified to laser beam close to the window and biased negatively ( -20 V) through a resistor ( 1.2 kS1). The voltage on the resistor was monitored by connecting it directly to the high impedance input of a digital storage scope which has a maximum sensitivity of 2 mV/division. When the chamber is filled with air from 20 mTorr to atmospheric pressure, and TMAE is not introduced, the recorded signal is about 5 mV which comes from the radio frequency interference generated by the laser discharge circuitry. No noticeable change is observed whether we block the laser beam or not. Therefore, the maximum current that could be produced by photoelectric emission is 4.2 PA which is 2-3 orders smaller than the ion saturation current measured.
where n,o;-k, is the absorption coeffiicient and ite= nf,,pir.
The solution of (5) is (6) n,(z) =n,ONexp( -n,,q23,
where R,(O) -r(O)~z,,a;r. The absorption cross section of TM.4E vapor can then be determined after measurement of the electron density spatial profile along the direction of laser propagation. To measure the electron density spatial distribution, we used a 2.4 mm-diam by O.l-mm-thick tantalum disk Langmuir probe, which can be moved axially or transverse to the direction of the laser beam. The electron collecting surfaces of the disk are parallel to the direction of the laser beam to minimize t.he cross-sectional area in the beam path. The threshold of ablat.ion of metals by a UV laser is the order of lOsW/cm', which is at least two orders higher than the laser pulse power in our experimental chamber. l7
Since tantalum has a work function of 3.76 eV and the photon energy of the 193 nm laser is 6.4 eV, photoelectric emission from the laser beam striking the edge of the tantalum disk has to be considered. We checked this effect experimentally as follows. The probe was positioned in the The probe is then biased negatively to measure the peak ion saturation current in the plasma as a function of distance from the window. The current is proportional to electron density generated at the position which is in turn proportional to the photon flux according to Eq. (6). The measurement is conducted at a vapor pressure of 0.5 Torr at a room temperature of 2 1.5 "C corresponding to the TMAE molecular density of n,k 1.65~ 1016/cm3. The maximum electron density measured is 5~ 10'3/cm3, so ne(nm. Figure 3 shows the peak electron density along the axial direction. The exponential fit of the experimental data gives the absorption coefficient ki=O.l8/cm, a photon mean free path of I= 5.4 cm, and a photon absorption cross section of CT,= 1.1 ho.2 x lo-l7 cm'. This value is about 30% of that measured by Holroyd et al. l4 There are many factors that could lead to the difference in results. The linewidth of the laser output is 1 nm for our laser according to the manufacturer's supplied information. In Holroyd et al.'s experiment, a synchrotron light beam is used, which needs a monochromator to filter out the unwanted spectrum, and no information about the linewidth is given. In our experiment, the photon intensity is measured along the beam path at intervals of 1 cm for a total length of 30 cm, and an exponential function is then fitted to the data to obtain the absorption coefficient. This should lead to improved accuracy compared to fitting an exponential function to two data points as Holroyd et al. have done. Also, the condensation of TMAE on their windows could have contributed to the photon loss in their experiment. The condensation does not affect our measurement, since the photon intensity is effectively measured inside the chamber.
To determine the ionization efficiency, we need to know the total number of electrons generated and the laser pulse energy. The total number of electrons generated in a half space is iv,= * J sn,(O)exp( --n,a~)dz, 18) 0 where the s is the laser beam cross-sectional area. The ionization efficiency is therefore (9) where the NP is the total number of photons in the pulse which can be determind from pulse energy measurement. In this experiment, 7 is determined to be 0.52.
In the above calculation, we have assumed that the electron density is uniform inside the beam and zero outside. The actual electron density radial profile has been examined. A cylindrical laser beam is obtained by passing the rectangular beam through a 'I-mm-diam iris. The Langmuir probe is moved radially from the beam center; the peak electron density along the radial direction is shown in Fig. 4 . It shows that the electrons are concentrated in the region illuminated by the laser beam, and the radial diffusion is insignificant. This is consistent with the visual observation that the light emission column coincides with the laser beam.
B. Electron temperature measurement
When a photon having an energy E, ionizes a TMAE molecule, the free electron is expected to have a kinetic energy of E,,-EP, where EP is the ionization potential. Hence, right after the laser pulse, the electron velocity distribution is highly non=Maxwellian. The Langmuir probe temperature measurement will deviate from that predicted by probe theory for a non-Maxwellian plasma. But the TMAE molecule (which has a formula weight of 200) has a large electron collision cross section. If we estimate the electron neutral collision frequency Y to be -10gp, wherep is the pressure in Torr, a reasonable estimation of the re-laxation time is on the order of 10/v, i.e., 10 ns. Therefore, we can consider that the electron density distribution function will relax to a Maxwellian almost immediately after the UV pulse. Figure 5 is an electron temperature plot versus time at z=l cm and z=5 cm, where t=O corresponds to the leading edge of the laser pulse. The electron temperatures measured at t=0.2 ps are 1.0 eV for z= 1 cm and 0.92 eV for z=5 cm.
C. Electron-ion recombination coefficient measurement
The plasma decay process can be described by Eq. (2) by setting I'=0 an, a%, z=ad-p-apt-aa,tb.
(10) TMAE has a molecular weight of 200. The ambipolar diffusion coefficient of TMAE is estimated to be 1.65 X 10' cm"/s and the plasma decay time constant is estimated to be 0.59~ lo-" s at room temperature. Therefore, the diffusion can be neglected on a time scale shorter than a ms. In TMAE vapor, the impurity TMU has about the same order of magnitude of electron capture cross section as oxygen.16 The impurity TM0 electron capture cross section is several times larger.16 Rewick et al's analysis16 of commercial TMAE shows that the concentration of TM0 is 0.04% and that of ThlU is 0.31%. We can, therefore, estimate the effective attachment rate using the available data on electron attachment to oxygen." The electron attachment frequency to neutral oxygen molecules is %~~=2 x 10-13ptim for an electron attachment cross section of 3 x lo-z1 cm', where tZim is the impurity density of molecules which have a large electron capture cross section. The oxygen in our vacuum system is calculated from the leak rate of our vacuum system to be less than 0.2%. Assuming the impurities total 1% in the system, the corresponding decay time constant is calculated to be on the order of 10 ms. So the initial decay of electron density is dominated by electron-ion recombination, and it obeys the well-known simple equation (11) where pzto is the initial electron density.
The initial electron decay is measured with a Langmuir probe. Figure 6 shows the inverse of electron density versus time. The good fit of the experimental data to a linear function shows that the decay is, indeed, recombination. The recombinat.ion coefficient. is determined to be 5.4~f~O.5 X lo-" cm'/s.
D. Microwave scattering measurement
The microwave reflection experimental setup is shown in Fig. 1 . The microwave beam is incident on the plasma column in the direction transverse to the laser beam. The center of the antenna horn is 18 cm from the end plate. The antenna is a 7.5 cm x 9.5 cm rectangular horn placed just outside of the glass chamber. The dist.ante from the antenna to the plasma column is about 7 cm. The microwave power ( 10 mW) is incident on the narrow side (0.7 cm) of the plasma column. The microwave frequency is adjusted to allow the reflected microwave power from the chamber walls to be in phase with the peak reflection from the plasma column, and is experimentally determined to be 8.7 GHz. The peak electron density in the region in front of the antenna is measured by a Langmuir probe to be the order of lOI3 cnle3 at a pressure of 250 mTorr. The reflected wave is measured by a diode detector through a directional coupler, which is shown in Fig. 7 . The peak reflected power is 0.33 mW. For comparison, the 8.7 GHz microwave signal reflected from an X-band waveguide (25 mm X 13 mm) placed at the same position as the plasma column is measured to be 0.45 mW. The result demonstrates that reflection due to the TMAE plasma can be very effective. In the future we plan to produce a sheet uhraviolet beam to create a high density gradient TMAE plasma sheet with a width several times the wavelength of the microwaves. The plasma sheet should be able to effectively reflect microwaves. If the UV laser beam is optically rotated, a rotating mirror reflector is produced which would be attractive for radar scanning applications at microwave or millimeter wavelengths. plasma interaction experiment to demonstrate wave shielding effects. In this arrangement, the laser beam is injected through a magic-tee into an X-band waveguide. The magictee also couples microwaves into the same waveguide where the plasma generated by the laser fills the whole waveguide. Figure 9 (a) shows that the received signal level drops by 38 dB indicating a total cutoff due to the high electron density produced by the 4 mJ laser pulse; the signal quickly recovers to a -8 dB level in less than 2 ps and then decays at a much slower rate. Figure 9 (b) illustrates an 8 dB signal level reduction when the laser pulse energy is reduced to an estimated value of 0.02 mJ. Since the initial density generated is much lower in this case, the signal level recovers slowly indicating a slow electron density decay. These features are in good agreement with the nature of recombination loss in the TMAE plasma.
To get a quantitative idea of electron recombination loss in the TMAE plasma, we plot the electron density decay given by Eq. ( 11) with the measured electron-ion recombination coefficient in Fig. 10 , for five different initial electron densities. The high initial electron density of 10" drops to l/e of its initial value in about 0.05 ps; and the lower initial density of 10"' decays to l/e of its initial value in about 10 ps. If one uses repetitive pulses to sustain the electron density above certain value, e.g., l/e of the initial density, it can be shown that the power required is proportional to the square of the initial electron density. Therefore, it is more economical to use the afterglow TMAE plasma for the purpose of wave absorption and shielding in the lower frequency range, e.g., 3 GHz and below, since it requires much less power. On the other hand, the TMAE plasma is more suitable for rotating mirror applications at high frequencies, e.g., 10 GHz and above, since the fast electron density decay at high initial densities can be utilized to rotate the reflecting plasma sheet very rapidly.
IV. SUMMARY
We have investigated TMAE plasma generated by a UV laser beam. The photon absorption cross section for 193 nm UV radiation in TMAE has been determined from electron density profile measurements. The experiment shows that the plasma decay in TMAE is primarily via electron-ion recombination. The electron-ion recombination coefficient has been measured. Effective microwave reflection and shielding effects are demonstrated by scattering measurements. A set of two partial differential equations are derived to model the one photon ionization process in a low ionization potential gas. The experimental results show that this model is a good description of the TMAE plasma generation by the UV ( 193 nm) laser. With this model and given parameters, the numerical solution can help in the design and control of TMAE or other low ionization energy gas plasmas which have attractive properties for applications of microwave reflection, shielding, and absorption.
